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We study the quantum Zeno effect (QZE) and quantum anti-Zeno effect (QAZE) of a two-level
system interacting with an environment of harmonic oscillators, the spin-boson model. By applying
a numerically exact method based on matrix product states, the previously obtained picture on the
influence of counter-rotating terms has to be modified: For physical bath initial states, the transition
from QZE to QAZE with increasing measurement interval is only absent at weak coupling, while
present at strong coupling. Furthermore, we find that the transition occurs always for the widely
used bare bath initial state. Within a more realistic measurement scheme where only the qubit
is projectively measured, the above scenario for the bare bath initial state remains qualitatively
unchanged, apart from accelerated decay for intermediate measurement intervals.
PACS numbers: 03.65.Ge, 03.65.Xp, 42.50.Pq
I. INTRODUCTION
Frequent measurements of a quantum system may slow
down its dynamic evolution. This phenomenon is known
as the quantum Zeno effect (QZE) [1]. On the other
hand, the decay rate could also be accelerated by frequent
measurements under somewhat different conditions. This
opposite effect is generally called the quantum anti-Zeno
effect (QAZE) [2]. The change in the evolution implies
a potential strategy to control the quantum dynamics of
a target system. It can be used to protect quantum in-
formation [3], suppress decoherence [4] and even cool
down and purify a quantum system [5]. Experimen-
tally, both QZE and QAZE were investigated in various
contexts such as trapped ions [6], ultracold atoms [7],
nanomechanical oscillators [8], superconducting circuits
[9], and cavity quantum electrodynamics systems [10].
One of the important concepts employed for quantum
control is the QZE-QAZE transition. It occurs in a qubit
interacting with its environment where repetitive mea-
surements are performed which project the whole system
(qubit plus environment) to its initial state. Recently,
the ultra-strong coupling regime between qubit and en-
vironment has been realized within cavity quantum elec-
trodynamics and superconducting circuits [11–13]. In
this case, the conventional rotating-wave approximation
(RWA), the standard in quantum optics, is no longer
valid. It is therefore mandatory to go beyond it also
in the study of the Zeno effects.
It is well known that both QZE and QAZE always hap-
pen within an RWA-based approach [1, 18]. However,
recent studies going beyond the RWA have shown that
the counter-rotating terms play a significant role for both
QZE and QAZE [15–17], although they were only par-
tially taken into account. Zheng et al. found that there
is no QAZE for hydrogen [15] if the decay from a phys-
ical excited initial state is computed including counter-
rotating terms to the second order. Ai et al. studied
systematically the spontaneous decay phenomenon of a
two-level system under the influence of both the environ-
ment and repetitive measurements without the RWA [17],
and found that the QAZE can still happen in some cases
( even without the RWA ) if the initial state is a bare
excited state. For a physically excited state, they also
observed that the QAZE disappears and the QZE is al-
ways robust.
For a reliable study of the Zeno effects in quantum dis-
sipative systems, the exact dynamics is needed in princi-
ple. Actually, the dynamics of quantum open systems has
been studied for a long time using a variety of methods;
an incomplete list is given by the authors of Refs. [19–
31]. For a Lorentzian spectral function, it is generally be-
lieved that the numerically exact hierarchical equations-
of-motion approach can be applied. Exact dynamics
for more general baths, such as Ohmic and sub-Ohmic
baths, were claimed by several groups [22, 30, 31]. For
the Zeno effects, the other crucial ingredient is the mea-
surement scheme. In most experimentally realizable pro-
cesses, measurements are applied on the system (qubit)
only and the state of the environment after each mea-
surement will deviate from its initial state [33]. This
applies certainly in the ultra-strong coupling regime due
to the strong correlation between the system and its en-
vironment. The ideal assumption that the measurement
projects the state of the system together with the envi-
ronment to the total initial state breaks down. Recently,
the effect induced by partial measurement was consid-
ered in the dephasing process based on an exactly solv-
able model [34]. Therefore it is very important to see
how this more realistic measurement scheme affects the
QZE-QAZE transition of the dissipative open quantum
system in the ultra-strong coupling regime.
In this paper, we study the QZE and QAZE of an open
quantum system where a two-level system interacts with
its environment for both Ohmic and sub-Ohmic baths,
the paradigmatic spin-boson model. We focus mainly on
2the ultra-strong coupling regime where both the RWA
and the ideal measurement assumption are not valid. We
employ a highly efficient and numerically exact method
based on a recently proposed time-dependent variational
principle (TDVP) for matrix product states (MPS) [35],
improved in [31, 32], to study the evolution from several
initial states. It was shown that quantum fluctuations
of the environment manifested in a huge number of envi-
ronmental bosons generated during time evolution can be
precisely described within this approach [31]. We com-
pare our result of the QZE and QAZE transitions with
previous studies based on a conventional unitary trans-
formation (UT) approach, where the effect of counter-
rotating terms is not fully taken into account [15, 17].
By TDVP, we also study the QZE and QAZE within
the more realistic measurement scheme described above,
where only the qubit is projected onto the initial state
while the environment continues to evolve [36].
The paper is organized as follows. In Sec. II, we briefly
introduce the TDVP approach as applied to the open
quantum system. Then we employ it to study the spin
dynamics, and compare to the results obtained by the UT
approach in Sec. III. In Sec. IV, we use the numerical
exact TDVP method to study the QZE. The results for
two initial states are given, and comparison to previous
results by the UT approach is performed. Furthermore,
the TDVP method is used to study the QZE and QAZE
within a more realistic measurement scheme. We close
with a short summary in Sec. V.
II. TIME-DEPENDENT VARIATIONAL
PRINCIPLE
A qubit coupled to its environment of harmonic oscilla-
tors can be described by the following spin-boson Hamil-
tonian (~ = 1):
H =
1
2
∆σz +
1
2
∑
k
gk(a
†
k + ak)σx +
∑
k
ωka
†
kak, (1)
where the qubit has an energy splitting of ∆ and coupling
strength gk to boson modes of frequency ωk. Since MPS-
based methods work particularly well on one-dimensional
chain models with short range interaction. Hamilto-
nian (1) is transformed into a representation of a one-
dimensional semi-infinite chain with nearest interaction
through an orthogonal polynomial mapping(see details
in Ref. [37]):
Hchain =
1
2
∆σz +
σx
2
c0(b0 + b
†
0) +
L∑
k=0
[ǫkb
†
kbk + tk(b
†
kbk+1 + b
†
k+1bk)], (2)
where b†k(bk) are creation(annihilation) operators for
transformed new boson modes with ǫk describing their
frequency and tk representing the internal nearest cou-
pling strength. c0 characterizes the effective coupling be-
tween the system and new effective environment. tk, ǫk
and c0 are determined by the specific form of the spec-
tral function J(ω) =
∑
k g
2
kδ(ω−ωk). The truncation site
number L is set to be large enough to ensure convergence.
Instead of using standard matrix product repre-
sentation with fixed local eigenbasis of boson modes
|nk〉(with truncation number dk), an optimized boson ba-
sis |n˜k〉(with truncation number dO,k ≪ dk ) is further
employed through an additional isometric map Vn˜k,nk ,
which was introduced in Ref. [38] to study the quantum
criticality of the spin-boson model. In the case of a large
variance of photon number, this mapping allows signif-
icant compression of local boson basis and dramatically
enlarges the maximal photon number attainable during
dynamical evolution.
The TDVP introduced in Ref. [35] is employed to cal-
culate the evolution here. It is based on the Dirac-Frenkel
variational principle by projecting the Schro¨dinger equa-
tion onto the tangent space of the MPS manifold. The
obtained optimal equation shares a similar form with the
original MPS algorithm based on the Suzuki-Trotter de-
composition [39], evolving the system site by site in small
time steps δt. A further improvement was given in Ref.
[31] to incorporate the optimized boson basis in the equa-
tion of motion. It was proved that TDVP is equivalent to
a Lie-Trotter splitting approach [40], where one evolves
each integrable part of the Schro¨dinger equation in the
MPS framework. Unlike the Suzuki-Trotter decomposi-
tion of the time-evolution operator U(t) = e−iHt, errors
of TDVP arise only in the integration scheme.
We outline briefly the approach. The MPS algorithm
works well on any one-dimensional chain model ( 2), the
optimized boson basis is added to the original MPS net-
work to increase the maximal photon number in the Fock
basis. Then TDVP is employed to calculate the evo-
lution. The error of the whole algorithm comes from
the following procedures. First, MPS-bond dimension D
bounds the maximal entanglement of the state that can
be described in current MPS subspace. Second, the trun-
cation numbers, dO,k , of the local basis dk and the opti-
mized boson basis restrict the maximal attainable photon
numbers and therefore the environmental quantum fluc-
tuations. Finally, time step δt introduces an error of inte-
gration in the equation of motion. All of these errors can
3be well controlled by setting the parameters adequately
large (forD, dk, dO,k), or small (for δt) to obtain a numer-
ically reliable result. Unless otherwise specified, we set
D = 6, dk = 40, dO,k = 12 ∼ 20 and δt = 0.1 ∼ 0.4 for
all of the calculations in this work. In addition, to avoid
the reflection of the evolution from the end of the chain,
we generally choose the size of the chain in the Hamilto-
nian (2) L = 2
3
ωcT (T is the simulated time range). All
results in the rest of the paper are carefully checked to
reach convergence.
In this work, we focus on the power-law spectral func-
tion which can be written as:
J(ω) =
∑
k
g2kδ(ω − ωk) = 2αωsω1−sc Θ(ωc − ω),
where α is the dimensionless coupling strength, ωc is the
maximal frequency of the environment, and Θ(x) is the
step function. The bath exponent s classifies the reser-
voir into super-Ohmic (s > 1), Ohmic (s = 1), and sub-
Ohmic (s < 1) types respectively. We set ωc as the energy
unit. For the data presented below, we typically choose
∆/ωc = 0.1. All quantities plotted throughout this paper
are dimensionless.
III. SPIN DYNAMICS
We first study the spin dynamics and compare the re-
sult of the TDVP method with previous analytical stud-
ies based on a conventional unitary transformation ap-
proach proposed in Ref. [14].
The basic idea of the UT approach is to perform a
polaronic transformation with a certain shift λk for each
boson mode to the rotated spin-boson Hamiltonian,
H ′ = exp(S)H exp(−S), (3)
where
S =
∑
k
λk
(
a†k − ak
)
σx, λk =
gk
2ωk
ξk,
followed by dropping the counter-rotating terms after the
transformation. The shift λk are determined variation-
ally by minimizing the expectation value of the higher or-
der terms on the ground state of the transformed Hamil-
tonian. The transformed Hamiltonian is of the RWA
type [14], which thus can be used as a versatile plat-
form to study quantum phase transitions, nonequilib-
rium dynamics and Zeno effects in the spin-Boson model
[15, 16, 41, 42] as straightforwardly as in the original
RWA framework.
In the previous UT study [14], the ground state of the
transformed Hamiltonian H ′ in the RWA form is eas-
ily obtained as |GS〉′ = | ↓〉 ⊗ |{0}k〉. The dynamics can
then be straightforwardly studied for an initial state
|ψ(t = 0)〉′ = 1√
2
(1 + σx) |GS〉′ (4)
It takes the following form for the original Hamiltonian
(1)
|ψ(t = 0)〉 = 1√
2
(1 + σx) exp [−S] | ↓〉|{0}k〉 (5)
This initial state is the same as in Eq.(6) of Ref. [41] for
the spin-boson Hamiltonian.
The spin dynamics 〈σ′x(t)〉 in the framework of Hamil-
tonian (3) can be straightforwardly calculated by UT ap-
proaches. To show the effectiveness of the UT approach,
we also use TDVP to calculate 〈σ′x(t)〉 by the evolution of
initial states (5) to Hamiltonian (1). As shown in Fig. 1,
both methods give an oscillatory decay for the coherence
〈σ′x(t)〉 and agree well for a long period of time in the
weak coupling regime (α = 0.05) of the Ohmic reservoir.
When the coupling strength increases, the UT results ob-
viously deviate from the TDVP ones. It follows that the
UT approach is only suitable in the weak coupling regime,
where some analytical results are available. However, as
the coupling strength increases, it becomes obvious that
the UT approach does not describe the correct dynamics.
The significant differences between RWA and non-RWA
in the strong coupling regime have been reported in Ref.
( [23]). The newly developed TDVP approach would be
a better candidate. In the next section, we generalize the
TDVP approach to study the QZE and QAZE.
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FIG. 1: (Color online) Evolution of the coherence 〈σ′
x
(t)〉 for
the Hamiltonian (3) from the initial state Eq. (4). Lines with
solid symbols denote the results from TDVP while those with
open symbols are results of UT. Both methods show good
agreement only at weak coupling (α = 0.05).
IV. QZE AND QAZE TRANSITION IN OPEN
QUANTUM SYSTEM
With this efficient numerical technique, we turn to the
QZE and QAZE in open quantum system described by
Hamiltonian (1). To study the QZE-QAZE transition
we focus on the survival probability Ps(t = nτ) [1], de-
fined as the probability of finding initial state after N
4successive measurements with equal time interval τ (zero
temperature):
Ps(t = nτ) = |〈ψ(0)| exp(−iHτ)|ψ(0)〉|2n
If the time interval τ is short enough, we can further
simplify it:
Ps(t = nτ) ≈
[
1− (〈H2〉 − 〈H〉2)τ2]n ≈ exp(−γ(τ)t).
(6)
where γ(τ) is the effective decay rate induced by mea-
surements. The exponential form of Ps(τ) in Eq. (6)
is valid under certain conditions. First, τ should be
shorter than the typical time scale of the evolution with-
out measurement. This can be fulfilled by limiting the
time scale in the calculation to be shorter than the time
scale of the bare Rabi oscillation, namely t ≤ π/∆.
Moreover, the correlation between qubit and environ-
ment should be weak so that the environment experi-
ences no significant evolution during the interval of repet-
itive measurements leading to the assumption that the
whole system (qubit plus its environment) collapses to
its initial state after each measurement. This assump-
tion, although commonly employed in previous studies,
becomes invalid when the system and its environment is
strongly correlated due to the strong coupling between
them. This system-environment correlation effects will
affect the properties of QZE-QAZE transition. To com-
pare with previous studies, we present our results also
under this assumption first, then discuss the Zeno effect
beyond this assumption, i. e. if only the qubit is mea-
sured.
In the study of Zeno effects, two initial states are
widely used in the literature. One is the product state of
the photon vacuum and the atomic excited state [1, 18],
|ψ1(t = 0)〉 = | ↑〉 ⊗ |{0}k〉. (7)
which we denote as the bare bath initial state. In the UT
approach [15, 16], the initial state is usually chosen as
|ψ2(t = 0)〉 = exp[−S]
(
| ↑〉 ⊗ |{0}k〉
)
. (8)
Note that | ↑〉 ⊗ |{0}k〉 is obtained by flipping the spin
of the ground state of the transformed Hamiltonian (3)
in the RWA form, and thus we call state (8) the physical
bath initial state. It is an entangled state of the system
and the environment, and just corresponds to the state
of the measured system prepared in an eigenstate of the
measured observable. On the Bloch sphere form of qubit,
one can write it as
|ψ2(t = 0)〉 = cosh(B)|{0}k〉| ↑〉−sinh(B)|{0}k〉| ↓〉, (9)
where B =
∑
k λk
(
a†k − ak
)
. Both initial states (7) and
(8) will be employed to study the Zeno effects in this
paper.
A. Measuring the whole system
In this section, we measure the whole system by pro-
jecting the total wave function onto the initial state. It
means that we do not consider the system-environment
correlation effects in the measurement. Two initial states
are considered:
Physical bath initial state: The Zeno effect is easily
studied within the UT approach [14] for the physical bath
initial state (8). So we perform the TDVP study with the
same initial state. The comparison between the TDVP
and UT method is presented in Fig. 2 for bath exponent
s = 1 and 0.75. As expected, the two methods agree
well in the weak coupling regime [e.g. α = 0.05, s = 1
and α = 0.025, s = 0.75 ], since the counter-rotating
terms play only a little role in this regime, and the par-
tial consideration of their effects in the UT study is a
very good approximation. It should be noted that the
decay rate increases monotonically with the increase of
the time interval of measurements in the weak coupling
regime. This monotonicity can be regarded as a new def-
inition of the Zeno effect [43], since the evolution of the
system is slowed down by frequent measurement. The
QAZE can be defined in an analogous manner as the non-
monotonicity of γ(τ), i.e. the decay rate increases first
and then decreases again with the measurement time in-
terval. This definition retains the core physical content
of QZE and QAZE, namely that frequent measurement
either slows down or accelerates the evolution. Moreover,
it avoids calculating the decay rate for the infinitely long
measurement interval which can be hardly obtained ac-
curately by numerical methods if no analytical solutions
are available, such as in the present model. Throughout
this paper, we define QZE and QAZE by the functional
behavior of γ(τ).
When the coupling strength increases, the UT result
obviously deviates from the numerically exact TDVP
method. Interestingly, a non-monotonic behavior is in-
deed found for strong coupling in the TDVP curves,
which is never exhibited by the UT curves indicated by
dashed lines in Fig. 2. The TDVP method predicts
a transition from QZE to QAZE for α ≥ 0.6 around
∆τ = 0.2 and Ohmic bath. Note that UT fails to cap-
ture this feature and only shows the QZE in all coupling
regime [14]. It was demonstrated in Ref. [32] that
the dynamics in the strong coupling regime is consider-
ably affected by the multi-photon process described by
higher order non-RWA terms while the UT method ne-
glects most of these higher-order terms. Note also that
the significant differences between RWA and non-RWA in
the strong coupling regime was reported in Ref. [28]. It
is just these higher-order non-RWA terms that are re-
sponsible for the QZE-QAZE transition at the strong
coupling.
Bare bath initial state: Starting the evolution from
the widely used state (7), the QZE-QAZE transition
is always observed both for the Ohmic and sub-Ohmic
baths, as shown by solid lines in Fig. 3, for all coupling
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FIG. 2: (Color online) Zeno decay rate from physical bath ini-
tial states obtained by TDVP (solid lines with filled symbols)
and UT (dashed lines with open symbols) methods for (a)
s = 1 and (b) s = 0.75. Specifically, thick solid lines denote
the TDVP results for coupling strengths above the critical
point in the ground state.
strengths. The previous RWA results, only applicable at
extremely weak coupling, also support these findings.
We conclude that the presence of the QZE-QAZE tran-
sition is highly dependent on the choice of the initial
state. The UT study for the physical bath initial state
can only be applied for weak coupling. In the present
exact study, we find that this suppression of QAZE is an
artefact of the UT approximation and the QAZE reap-
pears when the coupling strength increases. On the other
hand, for the often-used bare bath initial state, the QZE-
QAZE transition always obtains at arbitrary coupling.
In the spin-boson model, it is well known that the
second-order quantum phase transition from delocal-
ization to localization occurs for sub-Ohmic bath [44].
While for the Ohmic bath, the delocalized-localized
quantum phase transition is of Kosterlitz-Thouless type
[45]. For the parameter used in this paper, the critical
coupling strengths are around αc = 1 for s = 1 and 0.295
for s = 0.75 [44]. From Fig. 2 we observe that the onset
of the QZE-QAZE transition takes place below the corre-
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0.3
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(a) s=1.0  Initial state: Eq. (7)
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(b) s=0.75  Initial state: Eq. (7)
FIG. 3: (Color online) The decay rate from the bare bath ini-
tial states obtained by TDVP for (a) s = 1 and (b) s = 0.75.
Results with the previous measurement scheme are indicated
by lines with open symbols and those with the new measure-
ment scheme by lines with filled symbols.
sponding critical points for both Ohmic and sub-Ohmic
baths, revealing that the presence of the localized, or
delocalized phase does not affect the QZE-QAZE transi-
tion. In the study of Zeno effect, the incoherent decay of
excited states towards the ground state is highly nontriv-
ial. The reason that these ground state delocalization to
localization transitions do not affect the the QZE-QAZE
transition is worthy of further study. The preliminary un-
derstanding may be the following. The QZE and QAZE
are very sensitive to the earlier dynamics, the state evolv-
ing at the earlier stage is far away from the final ground-
state. So the ground-state phase has no dominant effect
on the earlier state. Even after the long time evolution,
the ground state have no essential effect. Above the crit-
ical point, the two states of the qubit are present with
equal probability, so there is no influence at all. Below
the critical point, a doubly degenerate localized phase is
formed, the preferred spin state only depends on the ini-
tial state, which is however independent of the coupling
strength.
6B. Measuring the qubit only
In the previous section, the measurement resets both
the system and environment to the total initial state.
As explained in the Introduction, this assumption is rea-
sonable only if the coupling strength is weak and the
measurement is performed with high frequency. In the
general case, each measurement projects only the system
(here the qubit) onto its initial state, while the environ-
ment still evolves and never falls back to its initial state
upon measurement. Here we describe a more general
scheme suited to this case for the widely used bare bath
initial state (7).
After unitary evolution in a period of time t, the state
can be written as
|ψ(t)〉 = C1| ↑〉 ⊗ |φ1env〉+ C2| ↓〉 ⊗ |φ2env〉
where |φi,=1,2env 〉 is the environmental state of photons.
Measuring the qubit only (and projecting it by assump-
tion onto its initial spin-up state) will lead to the new
initial state:
|ψ(t)〉new = | ↑〉 ⊗ |φ1env〉.
Note that the environmental part is always different from
the initial photon vacuum after the measurement due to
the back-reaction of the system to the environment, no
matter how close they may be.
The decay rates for both the previous and the present
measurement scheme are shown in Fig. 3 for exponents
s = 1 and s = 0.75. It is interesting that the decay rates
differ markedly only for intermediate time intervals. The
qualitative nature of the QZE-QAZE transition remains
unchanged for all coupling strengths.
t
0 10 20 30 40
|〈ψ
(0)
|ψ
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0.2
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0.8
1
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τ = 2
τ = 4
τ = 8
s = 0.5
α = 0.2
FIG. 4: (Color online) Evolution of the fidelity between cur-
rent state and initial state for different measurement time
intervals in a sub-Ohmic bath. The initial state is chosen as
the bare bath initial state(7).
To explain the above findings qualitatively, we calcu-
late the time dependence of the fidelity between the cur-
rent state and the initial state in the new measurement
scheme for the sub-Ohmic (s = 0.5) spin-boson model at
strong coupling (α = 0.2). It is clearly seen from Fig. 4
that the fidelity depends on the time interval τ .
For fast frequent measurements like τ = 1 ∼ 2, the
time interval is so short that the environment cannot
evolve far from its initial state, although the correlation
between the system and environment is strong, and the
fidelity almost remains the same (unity) after each mea-
surement. As shown in Fig. 5 (a), the bath has only
less than one photonic excitation for the whole range of
frequencies during the measurement interval. The evolu-
tion of the environment exhibits an obvious periodicity,
indicating that the system plus its environment return
to the initial state after each measurement. In this case,
the measurement scheme of the previous section is not
qualitatively different from the present new one. It fol-
lows that the previous assumption still works well for fast
measurements.
FIG. 5: (Color online) Evolution of numbers of photons with
different mode frequencies in the environment for 4 typical
measurement time intervals when the qubit is measured only.
The initial state is chosen as the bare bath initial state (7).
s = 0.5, α = 0.2.
However, for slow measurements, τ = 4 ∼ 8, the fi-
delity dramatically deviates from unity already after the
second measurement, manifesting the breakdown of the
previous assumption. As demonstrated in Fig. 5 (b), the
net excitations of the bath photonic numbers are accu-
mulated through successive measurement, especially for
the high frequency part of the environment. In this case,
each measurement generates a new environmental state
which obvious evolves and deviates from its initial form
due to the strong correlation between the system and the
environment. This new initial state carries information
from the previous evolution-measurement cycle into the
7next one, inducing a non-Markovian effect to the whole
repetitive measurement process. The survival probabil-
ity of each measurement turns out to be time-dependent
and finally enhances the decay rate.
When the measurement interval is large enough, ex-
ceeding the relaxation time (or memory time of the bath),
the qubit approximately relaxes to a quasi-steady state
which is independent from the initial state of the bath.
It is exhibited in Fig. 5 (c) for a relatively long time
(τ = 40) that the evolution of the bath during the mea-
surement interval shows a gradually excitations of the low
frequency photons, similar to the one without measure-
ments shown in Fig. 5 (d). In this extremely slow mea-
surements, the decay rate remains unchanged with time,
just demonstrated in the curves for large τ in Fig. 3.
V. CONCLUSION
In summary, we study the Zeno effect in the open quan-
tum system of a qubit interacting with a bosonic bath by
using a numerically exact method based on the MPS. We
find that the QZE-QAZE transition is highly dependent
on the initial state if measuring both spin (qubit) and
environment, which has been usually adopted in the lit-
erature. For the bare bath initial state, the QZE-QAZE
transition happens always, independent of the coupling
strength. For the physical bath initial state, the QZE-
QAZE transition is absent at weak coupling but reap-
pears at strong coupling. Thus the previous result of the
UT-based study showing a suppression of QAZE [15, 17]
has to be modified.
Furthermore, we consider a more realistic measure-
ment process which only projects the qubit to its ini-
tial state while the environment continues to change. In
the new measurement scheme, we find that QZE-QAZE
transition happens always, independent of the coupling
strength, for the bare initial state. In addition, measuring
the qubit only leads to a faster decay rate for intermedi-
ate measurement time intervals.
All the above statements holds for both Ohmic and
sub-Ohmic baths. We did not find any dependence of the
above observations on the coherent-incoherent crossover
and/or the delocalized-localized phase transition, indi-
cating that these effects qualitatively play no role for the
QZE to QAZE transition.
Note added: Recently, we became aware of a paper [46]
where the quantum Zeno and anti-Zeno effects were stud-
ied in a spin-boson model with Lorentzian-like spec-
trum where the exact hierarchical equations-of-motion
approach can be applied. For the physical bath ini-
tial state, multiple Zeno-to-anti-Zeno crossovers were ob-
served, possibly due to the oscillation of the population
dynamics in the Lorentzian bath as shown in Fig. 1 of
Ref. [46]. The Lorentzian bath is usually used to de-
scribe a bad cavity, so the population dynamics is similar
to the case of single (lossy) cavity, like the quantum Rabi
model. In contrast, for Ohmic and sub-Ohmic baths we
find here that the QZE-QAZE transition usually occurs
only once.
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